Rho small G protein regulates various actin-dependent cell functions. As to the functioning sites of Rho, Rho regulates formation of stress ®bers and focal adhesions in many types of cultured cells, whereas we have shown that the association sites of actin ®laments with the plasma membrane controlled by the ERM (Ezrin, Radixin, Moesin) family are the functioning sites of Rho in MDCK cells stably expressing myc-RhoA. We have investigated here the eect of microinjection of Rho GDI, a negative regulator of Rho which inhibits activation of Rho, C3, an exoenzyme of Clostridium botulinum which ADP-ribosylates Rho and inhibits its functions, or guanosine 5'-(3-O-thio) triphosphate-bound active form of Rho on the intracellular localization of both the ERM family and vinculin, which is one of the structural proteins of focal adhesions, in wild type MDCK cells. The ERM family was preferentially localized at peripheral bundles of actin ®laments which are localized at the outer edge of colonies of the cells, microvilli and low Ca 2+ -induced cortical bundles of actin ®laments in wild type MDCK cells. Microinjection of Rho GDI or C3 inhibited the localization of the ERM family at both the peripheral bundles and the low Ca 2+ -induced cortical bundles. On the other hand, vinculin was localized at both focal adhesions and basal edges of the colonies of the cells, and microinjection of Rho GDI or C3 inhibited the localization of vinculin at both of these sites. These results indicate that activation of Rho is necessary for the association of both the ERM family and vinculin with the plasma membrane in wild type MDCK cells. Microinjection of the guanosine 5'-(3-Othio) triphosphate-bound form of Rho induced an increase in the localization of vinculin at focal adhesions, but did not induce an increase in the localization of the ERM family at the plasma membrane, indicating that activation of Rho itself is sucient only for the association of vinculin with the plasma membrane at focal adhesions.
Introduction
The Rho family belongs to the small G protein superfamily and consists of the Rho, Rac, and Cdc42 subfamilies. The mammalian Rho subfamily consists of three members, RhoA, RhoB, and RhoC, and regulates various cell functions, such as cell shape change, cell motility, and cytokinesis through reorganization of actin ®laments (for reviews, see Hall, 1994; Takai et al., 1995) . In budding yeast, Saccharomyces cerevisiae, the Rho subfamily consists of four members, RHO1, RHO2 (Madaule et al., 1987) , RHO3, and RHO4 (Matsui and Tho-e, 1992 ). This subfamily is essential for cell growth by budding (Yamochi et al., 1994) . Only the Rho subfamily is ADP-ribosylated by C3, a Clostridium botulinum ADP-ribosyltransferase, of over 50 members of small G proteins (Aktories et al., 1988; Braun et al., 1989; Kikuchi et al., 1988; Narumiya et al., 1988) . C3 ADPribosylates Asn 41 of Rho, which is located at the putative eector domain, and the ADP-ribosylation impairs the functions of Rho presumably preventing Rho from interacting with its eector protein (Sekine et al., 1989) . Rho has GDP-bound inactive and GTPbound active forms which are interconvertible by GDP/GTP exchange and GTPase reactions. The conversion from the GDP-bound form to the GTPbound form is regulated by GDP/GTP exchange factors (GEFs) and the reverse conversion is regulated by GTPase activating proteins (for reviews, see Hall, 1994; Takai et al., 1995) . Rho GDI is a general regulator which forms a complex with the GDP-bound inactive form of the Rho family members and inhibits their activation (Fukumoto et al., 1990; Ueda et al., 1990) . The GDP-bound form complexed with Rho GDI is not activated by stimulatory type of GEFs, such as Dbl (Yaku et al., 1994) and Rom1/2 (Ozaki et al., 1996) , in a cell-free system.
As to the mode of action of Rho, it has been shown to regulate formation of stress ®bers and focal adhesions in many types of cultured cells (for reviews, see Hall, 1994; Takai et al., 1995) . Among these cell lines, Swiss 3T3 cells have been frequently used to clarify the Rho-involved signal transduction pathway. Rho has been shown to be involved in lysophosphatidic acid-induced assembly of focal adhesions and stress ®bers in Swiss 3T3 cells (Ridley and Hall, 1992) . Stress ®bers are linked to integrins at the inner surface of the plasma membrane through focal adhesions which are multiple complex of proteins, including vinculin, talin, tensin, and a-actinin (for reviews, see Burridge et al., 1988; Turner and Burridge, 1991) . Several protein kinases, such as protein kinase Ca (Jaken et al., 1989) , p60
Src (Tsukita et al., 1991) , and focal adhesion kinase (Schaller et al., 1992) , are also found in focal adhesions. Microinjection of activated Rho induces an increase in the localization of both vinculin and phosphotyrosine-containing proteins at focal adhesions, whereas microinjection of C3 inhibits the lysophosphatidic acid-induced increase in the localization of these proteins at focal adhesions in Swiss 3T3 cells (Ridley and Hall, 1992) . The putative target molecules of Rho have recently been identi®ed. They are PKN Watanabe et al., 1996) , rhophilin , ROKa/ ROCK/Rho-kinase Leung et al., 1995; Matsui et al., 1996) , rhotekin (Reid et al., 1996) and kinectin in mammal, and PKC1 (Nonaka et al., 1995) , 1,3-b-glucan synthase (DrgonovaÂ et al., 1996; Qadota et al., 1996) and BNI1 in yeast. However, the precise mechanisms of the Rho-involved signal transduction pathway to the assembly of stress ®bers and focal adhesions have not fully been understood.
On the other hand, evidence is accumulating that the association sites of actin ®laments with the plasma membrane controlled by the ERM (Ezrin, Radixin, Moesin) family are also the functioning sites of Rho (Hirao et al., 1996; Takaishi et al., 1995a) . The ERM family members, which consist of three closely related proteins; ezrin, radixin and moesin, are thought to function as general crosslinkers between the plasma membrane and actin ®laments. The ERM family is concentrated at specialized regions where actin ®laments are densely associated with the plasma membrane, such as cellcell adhesion sites, microvilli, membrane ruing areas and cleavage furrows (Bretscher, 1983; Lankes et al., 1988; Pakkanen et al., 1987; Sato et al., 1992; Tsukita et al., 1989 Tsukita et al., , 1992 . The amino-terminal half of the ERM family is responsible for their interaction with the plasma membrane, especially with the cytoplasmic domain of CD44, a broadly distributed cell surface glycoprotein . The carboxy-terminal half of the ERM family is involved in their interaction with actin ®laments (Turunen et al., 1994) . We have recently shown using immunohistochemical methods that Rho is colocalized with the ERM family at membrane ruing areas, cell-cell adhesion sites in MDCK cells stably expressing myc-tagged RhoA (myc-RhoA), and cleavage furrows in Swiss 3T3 cells (Takaishi et al., 1995a) . Immunoprecipitation analysis has revealed that Rho GDI is tightly associated with the ERM family in BHK cells, and the binding of the ERM family to the membrane fraction of the lysates of cultured BHK cells, which is considered to be mainly through CD44, is regulated by Rho in vitro (Hirao et al., 1996) . These results have raised the possibility that Rho regulates actin-dependent cell functions through controlling the binding of the ERM family to the plasma membrane (CD44) in vivo. Moreover, the amino-terminal half of the ERM family itself has the activity to dissociate the GDP-bound form of Rho from Rho GDI, indicating that the ERM family is also involved in the activation of Rho (Takahashi et al. submitted). However, it has not yet been investigated whether the localization of the ERM family at the plasma membrane is regulated by Rho in intact cells. In this study, we have investigated the intracellular localization of both the ERM family and vinculin in wild type MDCK cells, and the eect of microinjection of Rho GDI, C3, or the guanosine 5'-(3-O-thio) triphosphate (GTPgS)-bound form of Rho into the cells on the localization of both the ERM family and vinculin at the plasma membrane.
Results
Preferential localization of the ERM family at the peripheral bundles and the microvilli in wild type MDCK cells First, we investigated the intracellular localization of the ERM family in wild type MDCK cells. We previously showed that the ERM family was colocalized with myc-RhoA at the membrane ruing areas and the cell-cell adhesion sites in MDCK cell lines stably expressing myc-RhoA (sMDCK2 cells) (Takaishi et al., 1995a) . The ERM family was also localized at the microvilli, whereas myc-RhoA was not apparently observed at the microvilli in sMDCK2 cells (Takaishi et al., 1995a) . The intracellular localization of the ERM family in wild type MDCK cells was dierent from that in sMDCK2 cells. Confocal microscopic image at the basal levels showed that actin ®laments were observed mainly at the outer edge of the colony of the cells, known as peripheral bundles, and weakly at the cell-cell adhesion sites, and that the formation of stress ®bers was also weak ( Figure 1A ). The ERM family was localized only at the peripheral bundles at the basal levels ( Figure 1B ). At the junctional levels, actin ®laments were observed mainly at the cell-cell adhesion sites and the formation of the peripheral bundles at the junctional levels was weaker than that at the basal levels ( Figure 1A and C). The ERM family was localized at the peripheral bundles, whereas the staining of the ERM family at the cell-cell adhesion sites was weak and indistinct at the junctional levels ( Figure 1D ). At the apical levels, actin ®laments were observed at the microvilli and the cell-cell adhesion sites, and the ERM family was localized only at the microvilli ( Figure 1E and F). The preferential localization of the ERM family at the peripheral bundles and the microvilli was also visualized as the vertical sections ( Figure 1G and H). As to the localization of the ERM family at the membrane ruing areas in wild type MDCK cells, the staining of the ERM family at the 12-O-tetradecanoyl -phorbol-13-acetate (TPA)-induced membrane ruing areas was weak, and the intensity of uorescence of the ERM family at the TPA-induced membrane ruing areas was less than that at the cytoplasm, when the serum-starved cells were stimulated with TPA ( Figure 1I and J). The reason why the intracellular localization of the ERM family in wild type MDCK cells was dierent from that in sMDCK2 cells is unknown, but it is possible that overexpression of myc-RhoA may induce an increase in the binding of the ERM family with the plasma membrane, resulting in alteration of the intracellular localization of the ERM family in sMDCK2 cells.
Localization of the ERM family in wild type MDCK cells cultured in a low or normal Ca 2+ medium
We previously showed that myc-RhoA was translocated from the cytoplasm to the cell-cell adhesion sites and was colocalized with the ERM family at the cellcell adhesion sites in sMDCK2 cells by the Ca
2+
-switch experiments (Takaishi et al., 1995a) . However, the localization of the ERM family at the cell-cell adhesion sites was weak and indistinct in wild type MDCK cells as described above. Therefore, we next performed the Ca 2+ -switch experiments using wild type MDCK cells. When wild type MDCK cells were cultured in a low Ca 2+ medium, the cell-cell adhesion sites were disrupted and the morphology of the cells became round-up. Actin ®laments were observed at the lateral cortex of the rounded cells (cortical bundles) ( Figure  2A and C), and the weak formation of microvilli was also observed at the apical surface ( Figure 2C ), but stress ®bers mostly disappeared in the cells cultured in a low Ca 2+ medium (data not shown). The ERM family was colocalized with actin ®laments at both the cortical bundles and the microvilli (Figure 2A ± D) . When the cells were transferred to a normal Ca 2+ medium, the cell-cell adhesion sites were formed and the cells contacted with each other. At 30 min after the cells were transferred to a normal Ca 2+ medium, the ERM family was observed at the cell-cell adhesion sites (Figure 2E and F) . At 2 h after the cells were transferred to a normal Ca 2+ medium, the cells contacted with each other forming colonies of the cells. At this time, the ERM family was observed at the peripheral bundles and at a part of the cell-cell adhesion sites ( Figure 2G and H). At 6 h after the cells were transferred to a normal Ca 2+ medium, the staining pattern of the ERM family became similar to Figure 1 Localization of the ERM family in wild type MDCK cells. Wild type MDCK cells were double-stained with rhodaminephalloidin (A, C, E and G) or the anti-ERM rat mAb (B, D, F and H) and analysed by confocal microscopy as described in Materials and methods. Confocal images are shown at three focal planes (A and B, basal levels; C and D, junctional levels; E and F, apical levels). These images are also visualized as vertical sections employing a confocal microscope (G and H). Serum-starved wild type MDCK cells were stimulated with 1610 77 M TPA, ®xed at 15 min after stimulation with TPA, and double-stained with rhodamine-palloidin (I) or the anti-ERM rat mAb (J). The results shown are representative of three independent experiments. Bars represent 25 mm (A ± H) and 10 mm (I and J) Figure 2 Localization of the ERM family in wild type MDCK cells cultured in a low or normal Ca 2+ medium. Wild type MDCK cells were cultured in low Ca 2+ DME for 2 h (A ± D), and then transferred to normal Ca 2+ DME for 30 min (E and F) or 2 h (G and H). The cells were double-stained with rhodaminephalloidin (A, C, E and G) or the anti-ERM rat mAb (B, D, F and H), and analysed by confocal microscopy as described in Materials and methods. C and D show the confocal vertical images of the cells cultured in low Ca 2+ DME. The results shown are representative of three independent experiments. Bars, 10 mm that shown in Figure 1A ± H; the formation of the peripheral bundles were strengthened, and the ERM family was preferentially localized at the peripheral bundles, but the staining of the ERM family at the cellcell adhesion sites became to be weak and indistinct (data not shown). These results indicate that the ERM family may associate with and localize at the cell-cell adhesion sites transiently in wild type MDCK cells.
Localization of vinculin at focal adhesions and the basal edges in wild type MDCK cells
We next investigated the intracellular localization of vinculin which is one of the structural proteins of focal adhesions. The staining of vinculin at the basal levels showed dot-like or arrowhead-like aggregations at focal adhesions which were located at the ends of stress ®bers ( Figure 3A and B). The staining of vinculin at the basal levels also showed linear aggregations partly at the edges of the colonies (basal edges) which were apparently dierent from the staining pattern of focal adhesions ( Figure 3C  and D) . We then compared the intracellular localization of the ERM family with vinculin. The ERM family was not apparently observed at focal adhesions which were indicated by the dot-like or arrowhead-like staining of vinculin ( Figure 3E and F). The localization of vinculin at the basal edges mostly corresponded to the peripheral bundles, but the staining of vinculin at the basal edges was apparently narrow compared with that of the ERM family at the peripheral bundles ( Figure 3G and H) . Furthermore, the localization of vinculin at basal edges was observed only at the basal levels (data not shown), whereas the localization of the ERM family at the peripheral bundles was observed at both the basal and junctional levels ( Figure 1A ± D) . However, the molecular mechanisms in the basal edges including vinculin are not known. In the cells cultured in a low Ca 2+ medium, the ERM family was localized at the cortical bundles as described above, but the localization of vinculin at the plasma membrane could not be detected (data not shown). These results indicate that the association sites of vinculin, with the plasma membrane are dierent from that of the ERM family.
Inhibition of the localization of both the ERM family and vinculin at the plasma membrane by microinjection of Rho GDI or C3 When Rho GDI or C3 was microinjected into wild type MDCK cells, both stress ®bers and the peripheral bundles disappeared as described previously ( Figure 4A and B and Figure 5A and B) (Ridley et al., 1995) . These eects of Rho GDI or C3 were observed within 15 min after the microinjection. After 1 h, in addition to the disappearance of stress ®bers and peripheral bundles, the cell-cell adhesion became to be disrupted ( Figure 4A and B and Figure 5A and B). The minimum doses of Rho GDI and C3 to inhibit the formation of stress ®bers, the peripheral bundles, and the cell-cell adhesion was 2.5 mg ml 71 and 20 mg ml 71 , respectively. We then investigated the eect of Rho GDI or C3 on the localization of the ERM family and vinculin at the plasma membrane. The localization of both the ERM family at the peripheral bundles and vinculin at focal adhesions and the basal edges was completely inhibited by microinjection of Rho GDI or C3 ( Figure 4C ± F and Figure 5C ± F). These eects of Rho GDI or C3 were observed within 15 min after the microinjection. As to the microvilli formation and the localization of the ERM family at the microvilli, microinjection of Rho GDI or C3 induced slight decrease in both the microvilli formation and the localization of the ERM family at the microvilli, but did not inhibit completely (data not shown). These results indicate that activation of Rho is necessary for the association of both the ERM family and vinculin with the plasma membrane in wild type MDCK cells. When wild type MDCK cells were cultured in a low Ca 2+ medium, actin ®laments were detected mainly at the cortical bundles and the ERM family was localized at the cortical bundles, whereas both the cell-cell adhesion, stress ®bers, and focal adhesions mostly disappeared as described above. When C3 was microinjected into the cells and the cells were transferred to a low Ca 2+ medium, both the formation of the cortical bundles and the localization of the ERM family at the cortical bundles were inhibited completely ( Figure 6 ). The signi®cant staining of both actin ®laments and the ERM family at the plasma membrane could not be detected in the microinjected cells, and the microinjected cells showed relatively large cell bodies and a few thin processes extending outwards, whereas the morphology of the unmicroinjected cells became round-up ( Figure 6 ). The same results were obtained in the cells microinjected with Rho GDI (data not shown). These results indicate that activation of Rho is also necessary for the low Ca 2+ -induced localization of the ERM family at the cortical bundles in wild type MDCK cells.
Induction of the formation of stress ®bers and focal adhesions by microinjection of the GTPgS-bound form of Rho
It has been reported that microinjection of activated Rho induces the formation of stress ®bers in MDCK cells (Ridley et al., 1995) . In consistent with these earlier observations, microinjection of the GTPgSbound form of RhoA into serum-starved wild type MDCK cells induced ®ne and well-dierentiated stress ®bers, whereas the unmicroinjected cells possessed relatively dense and poorly-dierentiated stress ®bers ( Figure 7A and B) . Moreover, microinjection of the GTPgS-bound form of RhoA induced slight decrease in the formation of the peripheral bundles ( Figure 7C and D). The slight decrease in the formation of the cortical bundles was observed about 50% of the microinjected cells and the remaining cells showed no change in the formation of the cortical bundles (data not shown). Then, we investigated the eect of the active form of RhoA on the localization of both the ERM family and vinculin at the plasma membrane. Microinjection of the GTPgS-bound form of RhoA did not induce an increase in the localization of the ERM family at the peripheral bundles ( Figure 7E and F) . The microvilli formation also slightly decreased by microinjection of the GTPgS-bound form of RhoA (data not shown). These results indicate that activation of Rho itself is not sucient for the association of the ERM family with the plasma membrane. On the other hand, the localization of vinculin at focal adhesions increased by microinjection of the GTPgS-bound form of RhoA, while that at the basal edges did not show apparent change ( Figure 7G and H) . The minimum dose of the GTPgS-bound form of RhoA to induce an increase in the formation of stress ®bers and the localization of vinculin at focal adhesions was 0.5 mg ml
71
. These eects of the GTPgS-bound form of RhoA were observed within 15 min after the microinjection. These results suggest that activation of Rho itself is sucient for the association of vinculin with the plasma membrane at focal adhesions, but is not sucient for that at the basal edges.
Discussion
Rho has been shown to regulate formation of stress ®bers and focal adhesions in many types of cultured cells (for reviews, see Hall, 1994; Takai et al., 1995) , whereas we have previously shown that the association sites of actin ®laments with the plasma membrane controlled by the ERM family are the functioning sites of Rho (Hirao et al., 1996; Takaishi et al., 1995a) .
However, it has not yet been investigated whether the localization of the ERM family at the plasma membrane is regulated by Rho in intact cells. Moreover, the precise mechanisms of the Rho-involved signal transduction pathway to both the assembly of stress ®bers and focal adhesions and the association of the ERM family with the plasma membrane have not fully been understood. We have shown here that the intracellular localization of the ERM family is dierent from that of vinculin in wild type MDCK cells and that the association of both the ERM family and 2+ DME were microinjected with 40 mg ml 71 of C3 plus 5 mg ml 71 of rabbit IgG. At 30 min after the microinjection, the cells were transferred to low Ca 2+ DME and further incubated for 1 h. The cells were then stained with rhodamine-phalloidin (A) or the anti-ERM rat mAb (C), and analysed by confocal microscopy as described in Materials and methods. B and D show the microinjected cells by the stain with FITC-conjugated donkey anti-rabbit IgG. The results shown are representative of three independent experiments. Bars represent 25 mm (A and B) and 10 mm (C and D) Figure 7 Induction of stress ®bers and focal adhesions by microinjection of the GTPgS-bound form of RhoA. Wild type MDCK cells were incubated in serum-free DME for 24 h. After the incubation, the cells were microinjected with 1 mg ml 71 of GTPgS-bound form of RhoA plus 5 mg ml 71 of rabbit IgG. At 30 min after microinjection, the cells were stained with rhodamine-phalloidin (A and C), the anti-ERM rat mAb (E) or the V115 mAb (G) and analysed by confocal microscopy as described in Materials and methods. B, D, F and H show the microinjected cells by the stain with FITC-conjugated donkey anti-rabbit IgG. The rseults shown are representative of three independent experiments. Bars, 25 mm vinculin with the plasma membrane is inhibited by microinjection of Rho GDI or C3 into the cells, indicating that the association sites of both the ERM family and vinculin with the plasma membrane are the functioning sites of Rho in wild type MDCK cells. However, microinjection of the GTPgS-bound form of RhoA does not induce an increase in the localization of the ERM family at the plasma membrane, while the formation of stress ®bers and focal adhesions is induced by microinjection of the GTPgS-bound form of RhoA as described previously (Ridley et al., 1995) . These results indicate that both activation of Rho and additional signals are necessary for the association of the ERM family with the plasma membrane, whereas activation of Rho itself is sucient for the assembly of the integrin-based focal adhesions. Further investigations are necessary to clarify the precise mechanisms of the association of both the ERM family and vinculin with the plasma membrane regulated by Rho.
The ERM family has been shown to be localized just beneath the plasma membrane at cell-cell adhesion sites, microvilli, membrane ruing areas and cleavage furrows in many types of cells (Bretscher, 1983; Lankes et al., 1988; Pakkanen et al., 1987; Sato et al., 1992; Tsukita et al., 1989 Tsukita et al., , 1992 . We have shown here that the ERM family is also localized at the peripheral bundles and the low Ca 2+ -induced cortical bundles in wild type MDCK cells, indicating that actin ®laments at these sites are also associated with the plasma membrane through the ERM family. This localization of the ERM family is also observed in sMDCK2 cells, although the formation of the peripheral bundles is weaker in sMDCK2 cells than in wild type MDCK cells (data not shown). On the other hand, the staining of the ERM family at the cell-cell adhesion sites and the TPA-induced membrane ruing areas is weak in wild type MDCK cells, although the ERM family has been shown to be localized at these sites in sMDCK2 cells. The dierent localization of the ERM family in sMDCK2 cells from that in wild type MDCK cells may be due to overexpression of myc-RhoA. As to the localization of the ERM family at the cell-cell adhesion sites, we have shown here that the staining of the ERM family is apparently observed at 30 min after the cells are transferred from a low to a normal Ca 2+ medium, whereas the staining of the ERM family at the cell-cell adhesion sites becomes to be indistinct when the cells become to form the tight colonies, indicating that the ERM family is localized at the cell-cell adhesion sites transiently when the cellcell adhesion sites are formed.
We have shown here that vinculin is localized not only at focal adhesion, but also at the basal edges in wild type MDCK cells, and that this localization of vinculin is inhibited by microinjection of Rho GDI or C3. Vinculin has been shown to be localized at focal adhesions in many types of cultured cells and also at cell-cell adhesion sites in some epithelial cultured cells (Geiger et al., 1980) . However, the staining of vinculin at the cell-cell adhesion sites is not detected in wild type MDCK cells (data not shown). As to the localization of vinculin at the basal edges, complexes of adhesion molecules including vinculin at these sites may regulate the attachment of the colonies of the cells to the substratum, and microinjection of the GTPgSbound form of RhoA does not induce an increase in the localization of vinculin at the basal edges, indicating that additional signals are necessary for the localization of vinculin at the basal edges.
We have shown here that the ERM family is not apparently localized at focal adhesions in wild type MDCK cells, and that microinjection of the GTPgSbound form of RhoA induces the formation of focal adhesions without an increase in the localization of the ERM family at the plasma membrane. On the contrary, the previous experiments using antisense oligonucleotides to ERM sequence have shown that suppression of the expression levels in the ERM family induces not only the destruction of cell-cell adhesion and microvilli, but also cell-substrate adhesion in other cell lines, such as mouse mammary tumor MTD-1A cells and mouse thymoma L5178Y cells (Takeuchi et al., 1994) . This result suggests that the ERM family also regulates cell-substrate adhesion, and is apparently inconsistent with our present results. The exact reason for this inconsistency is not known, but may be due to the dierent experimental systems or to the dierent cell lines used in these experiments. Further investigations are necessary to clarify the roles of the ERM family in cell-substrate adhesion.
Materials and methods

Materials and chemicals
MDCK cells were kindly supplied by Dr W Birchmeier (Max-Delbruck-Center for Molecular Medicine, Berlin, Germany). C3 was kindly supplied by Dr S Narumiya (Kyoto University, Kyoto, Japan). Rho GDI was puri®ed as a glutathione S-transferase fusion protein from Escherichia coli which overexpressed glutathione S-transferase-Rho GDI as described previously . RhoA was expressed in Spodoptera frugiperda cells using the insect-baculovirus system as described previously (Mizuno et al., 1991) . Microinjected samples of Rho GDI, C3, and the GTPgS-bound form of RhoA were prepared as described previously (Takaishi et al., 1995b) . TPA was obtained from Sigma Chemical Co (St Louis, MO). The M11, R21, and M22 mAbs which were raised in rats against recombinant mouse ezrin, radixin and moesin, respectively, were kindly supplied by Dr Sh Tsukita (Kyoto University, Kyoto, Japan) (Takeuchi et al., 1994) . The mixture of these antibodies was used as an anti-ERM rat mAb. The V115 anti-vinculin mouse mAb was obtained from Sigma Chemical Co. FITC-or rhodamine-conjugated goat anti-mouse IgG, FITC-conjugated donkey anti-rabbit IgG, and FITC-or rhodamine-conjugated goat anti-rat IgG were obtained from Chemicon International (Temecula, CA). Rhodamine-phalloidin was purchased from Molecular Probes Inc (Eugene, OR). Other materials and chemicals were obtained from commercial sources.
Cell culture and microinjection
MDCK cells were maintained at 378C in a humidi®ed atmosphere of 10% CO 2 and 90% air in DME containing 10% FCS (Gibco Laboratories, Grand Island, NY), penicillin (100 U ml 71 ), and streptomycin (100 mg ml 71 ). For the Ca 2+ -switch experiments, the cells were cultured in serum-free DME and 5 mM EGTA (low Ca 2+ DME) for 2 h. They were then transferred to serum-free DME (normal Ca 2+ DME). MDCK cells for microinjection were seeded at a density of 3610 4 cells per dish onto 35 mm grid dishes. Two days after seeding, each sample to be tested was co-microinjected with 5 mg ml 71 of rabbit IgG into the cells as described previously (Takaishi et al., 1995b) .
Immuno¯uorescence microscopy
Immuno¯uorescence microscopy was performed as described previously (Takaishi et al., 1995a) . Brie¯y, the cells were ®xed in 3.7% paraformaldehyde in PBS for 10 min. The ®xed cells were incubated for 10 min with 50 mM ammonium chloride in PBS and permeabilized with PBS containing 0.2% Triton X-100 for 10 min. After being soaked in 10% FCS/PBS for 30 min, the cells were treated with the ®rst antibodies in 10% FCS/PBS for 1 h. The cells were then washed with PBS three times, followed by incubation with the second antibodies in 10% FCS/PBS for 1 h. For the detection of the microinjected cells, FITCconjugated donkey anti-rabbit IgG was used as a second antibody. For the detection of actin ®laments, rhodaminephalloidin was mixed with the second antibody solution. After being washed with PBS three times, the cells were examined using a LSM 410 confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany).
